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Abstract.  This study is concerned with the character- 
ization of the morphology of the calcium release chan- 
nel of sarcoplasmic reticulum (SR)  from fast-twitch 
skeletal  muscle, which is involved  in excitation-con- 
traction coupling. We have previously purified the 
ryanodine receptor and found it to be equivalent to the 
feet structures, which are involved,  in situ, in the 
junctional association of transverse tubules with termi- 
nal cisternae of SR.  The receptor is an oligomer of a 
single high molecular weight polypeptide and when in- 
corporated into phospholipid bilayers, has channel 
conductance which is characteristic of calcium release 
in terminal cisternae of SR.  The purified channel can 
be observed by electron microscopy using different 
methods of sample preparation, with complementary 
views being observed by negative staining, double 
staining, thin section and rotary shadowing electron 
microscopy.  Three views can be observed and inter- 
preted:  (a) a square face which, in situ, is junctionally 
associated with the transverse tubule or junctional face 
membrane; (b) a rectangle equivalent to the side view; 
and (c) a diamond shape equivalent to the side view, 
of which the base portion appears to be equivalent to 
the transmembrane segment. Negative staining  reveals 
detailed substructure of the channel. A computer aver- 
aged view of the receptor displays fourfold symmetry 
and ultrastructural detail. The dense central mass is 
divided into four domains with a 2-nm hole in the 
center,  and is enclosed within an outer frame which 
has a pinwheel appearance. Double staining shows 
substructure of the square face in the form of parallel 
linear arrays (six/face). The features of the isolated 
receptor can be correlated with the structure observed 
in terminal cisternae vesicles.  Sections tangential to 
the junctional face membrane reveal  that the feet 
structures (23-nm squares)  overlap so as to enclose 
smaller square spaces  of •14  nm/side. We suggest that 
this is equivalent to the transverse tubule face and that 
the terminal cisternae face is smaller (~17 nm/face) 
and has larger alternating spaces  as a consequence of 
the tapered sides of the foot structures. Image recon- 
struction analysis appears to be feasible and should 
provide the three-dimensional structure of the channel. 
T 
HE signal for calcium release in excitation-contraction 
coupling is transferred from transverse tubule across 
the triad junction to terminal cisternae of sarcoplasmic 
reticulum (SR) ~ (7,  22).  Recently, significant progress has 
been made with regard to defining the molecular detail of  the 
calcium release process (1, 8,  14-19, 27). The approach of 
our laboratory has been to isolate and characterize defined 
subcellular fractions from muscle (6). Subcellular fractions 
have been isolated referable to triads (20) as well as terminal 
cisternae of SR (25). Terminal cisternae differ from heavy 
SR in that they contain two types of membranes, i.e., the cal- 
cium pump membrane  (~85 % of the membrane) and the 
junctional face membrane containing well defined feet struc- 
tures. The isolated terminal cisternae are leaky to calcium 
ions, whereas iight SR, which are referable to longitudinal 
tubules of SR and consist only of calcium pump membrane, 
are impermeant to Ca  2+ (2, 3). Ruthenium red (micromolar 
concentration) has been found to decrease the permeability 
1.  Abbreviation used in this paper:  SR,  sarcoplasmic reticulum. 
to calcium ions in the terminal cisternae of SR (3) (see also 
21) and ryanodine in nM concentrations was found to block 
this action of ruthenium red (8). The binding of ryanodine 
has been localized to terminal cisternae of SR.  The phar- 
macological action of ryanodine and the binding occur in the 
same concentration range and are localized to the terminal 
cisternae of SR (8, 17). These studies lead to the conclusion 
that ryanodine modulates the calcium release channel of SR 
and that calcium release is localized to the junctional  face 
membrane of the terminal cisternae of SR. 
The  ryanodine receptor  has been  purified and  found to 
consist mainly of a single high molecular mass polypeptide 
with Stokes radius of  360 kD (15-17). The purified ryanodine 
receptor  approximates  a  square  structure  (•25  nm/side) 
with a width of 12 nm, which is morphologically equivalent 
to the feet structures observed in the junctional  face mem- 
brane (17, 18). Moreover, the purified receptor incorporated 
into phospholipid bilayers displayed the conductivity charac- 
teristics of the calcium release process of SR (14). Hence, 
the calcium release channel of SR has been identified to be 
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tion to form the triad junction. 
This study is concerned with the characterization of the ul- 
trastructure of the calcium release channel and the nature of 
its association with the junctional face membrane. 
Materials and Methods 
Purification of  Ryanodine Receptor (Calcium Release 
Channel of SR) 
The ryanodine receptor from rabbit fast twitch skeletal muscle was purified 
from junctional terminal cisternae SR vesicles (25) as described previously 
(17)  with some modifications (16).  Briefly,  junctional  terminal cisternae 
vesicles were solubilized with CHAPS and soybean phospholipid in 0.3 M 
sucrose, I M NaCl, 2 mM dithiothreitol (DTT), 0.5 I.tg/ml leupeptin, and 
Tris-HCI, pH 7.4. The CHAPS extract was diluted to reduce the NaCl con- 
centration to 0.1 M, and loaded onto an Affi-Gel beparin (BioRad Laborato- 
ries, Richmond, CA) column. The elution was achieved with a  linear salt 
gradient (0.1-0.8  M NaCl). The ryanodine receptor enriched fractions were 
collected, and applied to a hydroxylapatite column. The receptor was eluted 
with a K-phosphate linear gradient (5-250 mM K-phosphate). The pooled 
fractions from the hydroxylapatite column were concentrated to '~l ml using 
a  Centriprep  30  (Amicon,  Danvers,  MA)  and  applied  to  a  Superose 6 
column (Pharmacia Biotechnology, Inc.,  Piscataway,  NJ) pre-equilibrated 
and eluted in 0.5 M  KCI, 0.3 M sucrose, 2 mM DTT,  l0 mg/ml CHAPS, 
0.5 ~g/ml leupeptin, 20 mM Tris-HCI, pH 7.4. The purified receptor reveals 
a major protein band of 360 kD (greater than 90%) with a minor band of 
330 kD (18). 
Electron Microscopy 
Fixation of samples in 2 % glutaraldehyde with 1% tannic acid for thin sec- 
tion electron microscopy was performed as described previously (23, 24). 
Specimens were examined in a JEOL  100S operated at 80 kV. The magni- 
fications were calibrated using cross grating grid with 2160 lines/mm (Balz- 
ers,  Nashua, NH). 
By optical diffraction analysis, the astigmatism was found to be well- 
corrected, and the first zero of the contrast transfer function proved to be 
located such that features larger than  1.5 nm are adequately transferred. 
Electron Dose. The total electron dose was estimated from optical den- 
sity measurement considering the emulsion sensitivity and developing con- 
ditions. The dose received by the object during the experiment (30 s) is 
roughly 30,000 el/nm  2. 
Negative Staining 
The  membrane fraction and  ryanodine receptor  were  negatively stained 
using somewhat different procedures. 
The terminal cisternae fraction (25) was fixed 2-18 h at 4°C in 2.0% 
(vol/vol) glutaraldehyde by adding 0.25 vol of 8 % glutaraldehyde, 100 mM 
sodium cacodylate, pH 7.2,  to the sample suspended in 0.3  M  sucrose, 
5 mM imidazole, pH 7.4. The fixed sample was diluted to "~l  mg/ml with 
0.3 M sucrose, 5 mM imidazole, pH 7.4.2 ~l of the sample were applied 
to a supporting membrane of a thin carbon film over a 400-mesh grid. Ex- 
cess sample was removed by touching the grid with the corner of a piece 
of filter paper. One drop of 1% sodium phosphotungstate, pH 7.2, was ap- 
plied to the grid. The phosphotungstate solution was freshly filtered through 
a 0.22-1ttm pore size Millipore filter attached to a  syringe. After a  1-min 
treatment with the stain, the grid was washed with five drops of staining so- 
lution and allowed to remain for 2 min longer. The excess stain was removed 
by touching with filter paper and the grid was dried under vacuum in the 
electron microscope to minimize contact with the air. 
The Ryanodine Receptor. 2  p.l of the sample (•0.3  mg protein/ml) in 
l0 mg/ml CHAPS, 0.5 M KCI, 0.3 M sucrose, 0.5 txg/ml leupeptin, 2 mM 
DTT, and 20 mM Tris-HCl, pH 7.4, were applied to a supporting membrane 
of a very thin carbon film over 400-mesh grid. Excess sample was removed 
by touching the grid with filter paper. One drop of aqueous 1% uranyl ace- 
tate (pH 4.2) was applied to the grid. After 1 rain, the grid was washed with 
5 drops of 1% uranyl acetate. Excess solution was removed by touching with 
filter paper, and the grid was dried under vacuum in the electron micro- 
scope. 
Double Staining 
Double staining of the sample was first with 1% uranyl acetate as for nega- 
tive staining (see above). The grid was washed with several drops distilled 
water and then treated with  1%  lead citrate, pH  11.6, for 3 rain (26) and 
washed again with distilled water.  The grid was dried in vacuo in the elec- 
tron microscope. 
Rotary Shadowing 
Negative staining is carried out on a  smooth carbon  surface (32)  as de- 
scribed above and then the sample is rotary shadowed at  15°C with 2 nm 
platinum in a  Balzers Freeze-fracture BAF 300 Apparatus (Balzers High 
Vacuum Corp.,  Santa Ana, CA). 
Image Processing 
Micrographs showing the negatively stained receptor  in a  single-carbon 
layer preparation  were  digitized  using a  Perkin  Elmer  1010A microden- 
sitometer with a pixel size of 25 I.tm, corresponding to 0.58 nm on the object 
scale. From these digitized fields, 240 images were selected and subjected 
to correlation alignment with a  typical particle as reference (I0,  11). The 
orientation search, done with the direct method (ll, 29), showed four peaks 
of roughly equal size within the 360 ° range, indicating overall fourfold sym- 
metry. We systematically used the first peak for particle alignment to avoid 
enhancing asymmetric components. This procedure,  which was repeated 
using the averaged image from the first alignment as reference, is equivalent 
to fourfold symmetrization. After this second step of alignment, a final aver- 
age and a  variance map (ll)  were computed. 
Results 
The purified ryanodine receptor from skeletal muscle can be 
observed using several different methods of sample prepara- 
tion  for electron microscopy.  Using  the  negative  staining 
technique, both positive and negative images can be observed 
in the same field (17, 18).  Negative stained structures (Fig. 
1 a) approximate squares (25.6 nm/side 5= 1.92; n =  72) (17, 
18). With uranyl acetate (Fig.  1), the structures by positive 
image appear as squares (21.4 nm/side _+ 2.3; n =  208) (18) 
(Fig. 1, b and c). Most relevant, additional ultrastructure de- 
tail is revealed by negative staining (Fig. 1 a and Fig. 2). The 
receptor varies in appearance, likely reflecting different ori- 
entations of the structure with respect to the plane of the car- 
bon film of the grid. There is an outer region and an inner 
core, each displaying fourfold symmetry. The inner core is 
generally denser and appears to have a hole at its center (Fig. 
1 a). Double staining, first with uranyl acetate and then with 
lead citrate, leads to a positive image with higher contrast 
(Fig. l, c and d). Substructure of the receptor is reflected by 
the ordered linear arrays observed in the square face (see ar- 
rowhead in Fig.  1 c, and enlarged in Fig.  6 g). 
Detailed substructure of the receptor is best observed in 
negatively stained images  (Fig.  2).  The appearance varies 
from that of a cross to more square-like structure (Fig. 2 a). 
The inner core consists of four subunits (Fig. 2 b, encircled 
structure, and f). The outer corners of the square on occa- 
sion are observed to have double spikes (Fig. 2,  c and g). 
Image  processing of the  micrographs  of the  negatively 
stained receptor (240 images) gave a highly improved image. 
The  averaged  receptor  (Fig.  2  h)  shows  a  central  mass 
divided into four domains with a hole in the center of '~ 2.0 
nm. The sharp division of these domains indicates that the 
fourfold symmetry imposed in the averaging step holds for 
the central mass as well. The periphery of the particle has 
a pinwheel appearance created mainly by the asymmetric 1o- 
The Journal of Cell Biology, Volume 107,  1988  212 Figure 1.  Morphology of the purified calcium release channel/ryanodine  receptor. (a and b) Uranyl acetate staining;  (c and d)  Double 
staining with uranyl acetate and then lead citrate (see Materials and Methods). (a) The negative image shows substructure of the receptor 
which approximates a square of '~ 22 nm distance between arrowheads and 28 nm between arrows; (b) The positive image obtained from 
the same grid in a nearby field as in Fig.  1 a. The sides are 20 nm (between arrows) and 22 nm between arrowheads; (c) double staining 
(see Materials and Methods). Distinct substructure can be observed in the square face (arrowhead). (d) The square structure is ~25 nm/face 
with a triangular shape form, discerned  in one corner (arrowhead). 
cation of two stain-excluding masses. The variance map (not 
shown) suggests that the structure of the central mass strong- 
ly varies among the images analyzed.  A  more detailed pic- 
ture will emerge from application of multivariate  statistical 
analysis (11, 33) to a larger set of images, which is planned. 
Negative  staining  and  rotary  shadowing  of the  channel 
give complementary images (Fig.  3).  By negative staining, 
most of the field consists of square-like structures and on oc- 
casion a rectangular side view can be observed (arrows). The 
rectangle  is 25  x  12  nm.  A  diamond appearance can also 
be seen by negative staining  (see Fig.  3  b),  suggestive of a 
side view with the less dense base of the diamond containing 
the transmembrane portion.  Rotary shadowing  also reveals 
square-like structures (Fig. 3 c) and less frequently rectangu- 
lar structures  with heavy platinum  deposits  (16  ×  30  nm), 
suggestive of the side  view,  (arrowheads in Fig.  3  c).  The 
heavier shadowing of the rectangular structures (arrowheads) 
indicate  a  taller structure.  This would  suggest that the foot 
Saito et al.  Ultrastructure of Calcium Release Channel  213 Figure 2. Structure  of the ryanodine receptor as viewed by negative staining. In a-c, different aspects can be observed. Fourfold symmetry 
can be seen in both the central dense core and outer region, approximating  that of a square.  The appearance  varies from that of a cross 
(1) to the more square-like  appearance  (3), with intermediate  image 2. In b the encircled structure  contains  a central  core consisting  of 
four similar portions, each approximating  a triangle and together delineating  a cross (see f). (c) Some of the structures  have corners with 
double triangular  appearance  (double arrows), d-g Are negative staining showing different aspects of the receptor. (d) Square-like  structure 
exhibiting detail in the center core. (e) A double triangle  is observed in one corner (arrowheads); (f) the central portion of the receptor 
consists of four distinct triangular subunit structures  (arrows),  delineating  a cross. In g, each of the corners appears to consist of two knob- 
like projections  (arrowheads); (h) computer averaged top view of the Ca  2+ release channel/ryanodine receptor obtained  by averaging 240 
negatively  stained  images. 
structure  is usually  resting on its  square  face and  less fre- 
quently on its  rectangular  face.  On occasion,  the  structure 
exhibits  a  side  view  (Fig.  3  d)  suggestive of the  diamond 
structure observed by negative staining  (Fig.  3  b). 
The channel can also be observed by thin section electron 
microscopy.  Both  squares  (denoted  by  black  arrowheads, 
Figs. 4, a  and b) and a  rectangle (outlined by white arrow- 
heads and by arrows)  can be seen  (Fig.  4  b). 
The association of the feet structures  with respect to one 
another  has  been  studied  in terminal  cisternae  in  sections 
tangential to the junctional face membrane (25) (Fig. 5). The 
feet structures can be observed to associate so as to overlap 
by ,,~12 nm rather than to be connected at the pointed corner 
of the squares.  Thus,  the channel approximates a  square of 
"~ 23 nm as compared with  14 nm for the alternating empty 
square areas.  Association of receptors can also be observed 
by negative staining of the purified  receptor.  The receptors 
can be observed to associate in two different modes,  i.e., at 
the extremities  of the legs of the cross-like structures  (Fig. 
5 d) and at the corners of the squares (Fig. 5 e). The former 
leads to a  smaller  intervening  square  space than the latter. 
Ultrastructural  detail of the association of feet structures 
with the junctional face membrane of terminal cisternae can 
be observed in thin sections (Fig.  6).  The side view of the 
receptor approximates a  rectangle in sections normal to the 
membrane. Typically, the receptor looks wedge-shaped, be- 
The Journal  of Cell Biology, Volume  107, 1988  214 Figure 3.  Comparison of the ryanodine receptor by negative staining and by rotary  shadowing. (a and b) Negative staining.  (a) Most of 
the field contains different aspects of the square-like  structures  ('~25 nm/side). A rectangular structure  is also seen, suggestive of a side 
view, 25 nm x  12 nm (denoted by arrows). (b) The inset (arrowhead) contains a diamond structure with the less dense base portion (arrow- 
head) suggestive of the transmembrane portion. (c and d) Rotary shadowing.  (c) Most of the images approximate  squares.  In addition, 
heavy shadow can be observed in rectangles 16 x  30 nm (arrowheads).  The inset (d) at higher power has a rectangular/dilamond appearance 
(arrowhead) (compare  with b). 
Figure 4. Thin section electron microscopy of the purified receptor. (a) At lower power, square structures  can be observed (arrowheads); 
(b) at higher power, squares can be observed, with dimensions of '~ 27 nm between arrowheads;  a rectangular structure  is denoted by two 
white arrowheads  (26 nm) and two arrows (13 nm). 
Saito et al. Ultrastructure of Calcium Release Channel  215 Figure 5. Arrangement of feet structures. (a-c) Thin sections tangential to the surface of the junctional face membrane of terminal cisternae 
vesicles showing arrangement of feet structures. The connection between feet structures deviates from a checkerboard array,  that is, the 
connection is not at a pointed corner but there is "~12-nm overlap (Fig. 6 a, space between the arrowheads). The repeat distance between 
arrows is 31 nm. The foot structure is 23 nm on a side (Fig. 6, b and c) (distance between dark arrows) whereas the inner clear area approxi- 
mates a square of 14 nm (white arrows  in Fig. 6, b and c). In the purified receptor, by negative staining (d and e), feet structures can 
be observed to connect; in d two cross-like structures connect via the legs of the cross,  12 nm (between white arrowheads),  and in (e) 
the square-like structures associate approximately at the corners, giving an overlap of 8 nm (white arrows). A diagrammatic representation 
of the arrangement of feet structures in the junctional face membrane is shown infand g. Two features can be noted: (A) in the transverse 
tubule face (TTF) (upper face) in  f, equivalent to the portion which associates with transverse tubule, shows substantial overlap of the sides 
of the feet structures (26 nm/side) to enclose alternating spaces (14-nm  squares) in f; and (B) the sides of the receptors are tapered so 
that the terminal cisternae face (TCF), the face equivalent to the junctional face membrane (upper face in g) approximates a smaller square 
('~17  nm),  with concomitant larger intervening space (g). 
ing wider at the distal face than at the plane of insertion into 
the junctional face membrane (arrowheads in Fig. 6, a  and 
b, and diagrammatically shown in i). Occasionally, the width 
appears broadest midway (Fig. 6, c and d), suggesting sym- 
metry  with  respect to  the  midplane parallel to  the  square 
faces of the foot structure (see Fig. 6 j).  This view is less 
frequent and may be referable to a  section diagonal to the 
corners of the square of the foot structure reflecting protru- 
sions at the corners (see Fig. 6  g). 
Detailed fine  structure  in  the  form  of linear arrays can 
sometimes be seen in the foot structure in cross-section (Fig. 
6 f).  The  periodicity can  be  related to  such  detail in  the 
square face of the foot structure observed by double staining 
(Fig. 1 d and 6 g). The linear arrays usually run parallel nor- 
mal to the plane of the membrane and sometimes oblique to 
the membrane and with respect to one another. Six such lin- 
ear arrays make up the width of the square face, •24  nm or 
4  nm/repeat  (Fig.  6  g).  The  linear arrays and  periodicity 
The Journal of Cel! Biology,  Volume 107, 1988  216 Figure 6.  Electron micrographs of terminal cisternae with emphasis on the junctional face membrane. In the thin section in a, the side 
view of the feet structures can be observed in the junctional face membrane. The feet structures have the appearance of a trapezoid. The 
foot structure (large arrowhead) is ,~27 nm on the distal (transverse tubule) face and 17 nm proximal, to the membrane surface (terminal 
cisternae face) (between arrowheads). The foot structure extends 12 nm from the surface. In b, negative staining, a similar trapezoid can 
be observed in the side view of the feet structures by negative staining (arrowhead).  The arrows point to a  foot structure of somewhat 
different dimensions. The trapezoid is 27 nm (white arrow) x  19 nm (black arrows). (c and d) Foot structures with a diamond-like appear- 
ance in thin section and by negative staining, respectively. (e-h) are higher magnification with emphasis on the association of the feet struc- 
tures with the membrane.  (e) Diamond-like structure observed by negative staining. The arrows point to the less dense base portion of 
diamond which is suggestive of the transmembrane spanning region. (f) Thin section shows substructure detail of the receptor in the form 
of linear arrays of particles; frequently the linear arrays are parallel to one another and normal to the membrane and othertimes they are 
skew. Of special note, the particles extend to the central electron lucent layer of the junctional face membrane. This matching of periodicity 
is suggestive of transmembrane extension. (g) Similar periodicity (4 nm) of the linear arrays, six/face, can be observed in the square face 
of the isolated foot structure by double staining (compare with f). (h) Negative staining of the foot structure. Note denser vertical regions 
with  12 nm periodicity. (i-k) Diagrammatic representation of side views of foot structure. (i) Trapezoidal appearance (see arrowheads 
in a  and b); (j) Side view broader at midline (see c and d); (k) diamond-like appearance characteristics of isolated receptor (see e and 
3, b and d); the receptor is depicted as consisting of three segments: 1 and 2 are referable to the junctional region containing the transverse 
tubule (1) and terminal cisternae (2) faces, respectively; (3) is the transmembrane portion (in the junctional face membrane of terminal 
cisternae). 
match that in the central lucent layer of the membrane (Fig. 
6 f),  suggesting that the foot structure extends through the 
junctional face membrane. 
Discussion 
The morphological description of the triad junction and the 
characterization of the feet structures in junctional associa- 
tion in situ are largely referable to Franzini-Armstrong and 
her co-workers (12, 13). Other aspects suggestive of bridging 
processes have also been described (see e.g., 4, 9, 28). The 
isolation of the  terminal  cisternae  fraction  made  possible 
more direct visualization of the feet structures in the junc- 
tional face membrane, in vitro (25).  More recently, the foot 
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drying and rotary shadowing. A four subunit structure was 
described and adjacent feet structures were observed to be 
offset by half a subunit rather than directly connected corner 
to corner (5). 
Our study provides the first detailed ultrastructure of the 
isolated ryanodine receptor which is now known to be equiv- 
alent to the calcium release channel of SR. Extensive detail 
can be observed by negative staining far beyond the simple 
appearance of a square-like structure which had been pre- 
viously reported (17, 18, 25). Further, an enhanced image of 
the channel was obtained by image processing of the nega- 
tively stained structure which contains significant detail of 
the receptor surface image. More direct information is also 
provided with respect to the juxtaposition of feet structures 
to one another and new information with respect to the orien- 
tation of the channel in the membrane. 
Several methods of sample preparation give complemen- 
tary appearances. Three different views of the receptor can 
be observed. (a) Square-like structures (~26 nm/side) re- 
flect the face tangential to the junctional face membrane. (b) 
The rectangular face (26  x  12 nm) is referable to the side 
view. This correlates with the width of the foot structure ex- 
tending from the membrane, which has been measured from 
thin section electron microscopy of terminal cisternae to be 
12 nm. (c) The cross-sectional appearance of the receptor in 
the shape of a diamond is new. It is observed in the isolated 
receptor by both negative staining (Fig. 3 b), as well as rotary 
shadowing (Fig. 3 d). The less dense base portion of the dia- 
mond appearance of the isolated receptor (Figs. 3, b and d, 
and 6 e) is suggestive of the transmembrane region. 
As far as we are aware, the double staining technique to 
examine  ultrastructure  of macromolecular  assemblies  as 
used in this study is new. It appears to have a great deal of 
potential for obtaining ultrastructure detail in positive image. 
The double staining of the isolated receptor displays a new 
ultrastructure of the channel, i.e., six parallel arrays of parti- 
cles/square face (Fig. 6 g). The periodicity can also be ob- 
served in thin section in the side view of the foot structure 
(Fig.  6 f) in the terminal cisternae.  Most significant, our 
studies provide convincing morphological evidence of recep- 
tor substructure. 
The juxtaposition of the feet structures with respect to one 
another in the junctional face membrane has also been ob- 
served  with  greater  clarity.  The  structure  is  not  quite  a 
checkerboard array since the lucent spaces between the re- 
ceptors are smaller squares of 14 nm/face than the receptor 
(,x,23  nm/face),  This  is  a  consequence of overlap of the 
receptor by 12 nm rather than being connected at the pointed 
corners of the square (see Fig. 5). However, the feet struc- 
tures usually appear tapered with the wider square face being 
the one that associates with the transverse tubule membrane, 
and the smaller squares associated with the terminal cister- 
nae. This would suggest that the intervening spaces on the 
terminal cisternae side are larger and continuous with the 
space surrounding the sarcomere at the junctional face so 
that calcium ions can readily diffuse out from the junctional 
gap (Fig. 5, f  and g). 
Thus far, two ion channels, the acetylcholine receptor (30) 
and the gap junction (31) have been characterized morpho- 
logically by electron microscopy and image reconstruction. 
The detailed three-dimensional structure of the calcium re- 
lease channel from SR will  require image reconstruction 
analysis. Our studies suggest that this should be feasible. 
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